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High-strength concrete (HSC) columns are usually provided with heavy confining steel within the potential plastic hinge
region to restore flexural ductility. However, as the effectiveness of confining steel decreases with the concrete strength,
the required confining steel content for high-strength concrete columns becomes very large, which causes steel
congestion in the proximity of beam–column joints. A better method is to adopt a concrete-filled-steel-tube (CFST)
column, which uses a hollow steel tube to confine high-strength concrete. Compared with ordinary reinforcement,
concrete-filled-steel-tube columns provide a more uniform confining pressure to the concrete core and reduce steel
congestion. Nonetheless, a major shortcoming of concrete-filled-steel-tube columns is that the imperfect interface
bonding occurs at the elastic stage as steel dilates more than concrete in compression. This adversely affects the
confinement of the steel tube and decreases the elastic strength and modulus. To resolve the problem, it is proposed in
this study to use external steel confinement in the forms of rings and ties to restrict the dilation of the steel tube. For
verification, a series of uniaxial compression tests on externally confined concrete-filled-steel-tube columns was
performed. Theoretical models for predicting the uniaxial load-carrying capacity of ring-confined concrete-filled-steel-
tube columnswere also developed.
Notation
Ac contact concrete area
A9c equivalent concrete area
As contact steel area
A9s equivalent steel area
Ast total area of steel (steel rings included)
A9st equivalent total area of steel (steel rings included)
D outer diameter of steel tube
D9 equivalent outer diameter of steel tube
D9c equivalent inner diameter of steel tube
d diameter of the mild steel, 8 mm
E measured stiffness of CFST column without external
confinement
Ec measured stiffness of CFST column with external
confinement
f 9c unconfined concrete cylinder strength
f 9c,150 unconfined concrete cylinder strength (150 3 300)
f 9c,100 unconfined concrete cylinder strength (100 3 200)
fcc confined concrete stress
fcu unconfined concrete cube strength
fr confining pressure
fyr yield stress of rings
H height of steel tube
k confinement coefficient ¼ 4.1
N axial load-carrying capacity
P measured axial strength of CFST column without
external confinement
Pc measured axial strength of CFST column with external
confinement
S spacing of rings
S9 equivalent spacing of rings for the equivalent section
t thickness of steel tube
 confinement index
sy initial yield stress of steel tube
sz axial stress of steel tube at yield condition (biaxial
condition)
sŁ hoop stress provided by steel tube
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øE stiffness enhancement ratio
øS strength enhancement ratio
1. Introduction
High-strength concrete (HSC) is increasingly being used for the
construction of columns of tall buildings because of its higher
strength-to-weight ratio. However, HSC is more brittle per se.
Thus, HSC columns should be designed and detailed more
carefully than normal-strength concrete (NSC) columns to im-
prove ductility performance. The potentially brittle behaviour of
HSC members has been a major concern for structural engineers
using HSC. For instance, a series of experimental tests demon-
strated that HSC beams would fail in a very brittle manner if they
had a large tension steel ratio (Pam et al., 2001). Column tests
(Ho and Pam, 2003) showed that HSC columns should be
installed with much more transverse steel than NSC columns to
maintain the same level of flexural ductility, otherwise the
ductility may decrease to a very low level, which may endanger
the safety of occupants under extreme events.
To improve the ductility performance of HSC columns, a signifi-
cant amount of transverse steel is provided within the critical
region (Pam and Ho, 2009; Yan and Au, 2010) near the beam–
column interface. Nonetheless, it has been verified experimentally
(Ho, 2011; Paultre et al., 2001) that the amount of transverse
steel required for maintaining a certain level of ductility increases
at a faster rate than the concrete strength, which indicates that the
effectiveness of ductility improvement owing to provision of
transverse steel diminishes as the concrete strength increases.
Moreover, in order to confine ultra HSC (cylinder strength larger
than 120 MPa) columns, the transverse steel required will be so
large that it causes severe steel congestion and affects the
concrete placing quality. Accordingly, the possible range of
concrete strength that can be adopted in columns with ordinary
reinforcement is restricted. Under such conditions, the potential
benefits of adopting HSC cannot be fully utilised.
To further push up the possible design limit of concrete strength in
designing HSC columns while maintaining sufficient ductility,
composite concrete-filled-steel-tube (CFST) columns are advo-
cated. CFST columns use a hollow steel tube to confine the
concrete core, which at the same time acts as longitudinal rein-
forcement to carry axial load. From a safety point of view, they are
characterised by higher strength, ductility, buckling resistance and
energy absorption before failure. As per various theoretical and
experimental studies performed by researchers in the past few
decades, CFST columns showed superior performance to ordinary
reinforced concrete (RC) columns (Dai and Lam, 2010; De Nardin
and El Debs, 2007; Han and Huo, 2003; Han et al., 2005; Han et
al., 2011; Uy et al., 2011; Uy, 2003). From an environmental point
of view, the size of CFST columns could be 10 to 30% smaller than
that of ordinary RC columns owing to composite action. Hence,
they use less cement and concrete, which reduces the construction
and demolition waste, as well as the embodied energy and carbon
levels of the building structures. They also help to produce a more
sustainable construction environment (Zhong, 2006).
Despite these benefits, a major shortcoming of adopting CFST
columns is that the interface bonding between steel and concrete
is not perfect during the initial elastic stage when the strain in
concrete is still small (Kitada, 1998). This is because the steel
tube dilates more than concrete in an early elastic state, and
subsequently affects the perfect interface bonding condition
between the concrete core and steel tube (Uy, 2001). This will
decrease the elastic strength and stiffness and will enlarge the
elastic deflection at service. Moreover, it has been demonstrated
by Saisho et al. (1999) and Sakino et al. (2004) that with in-filled
HSC, if the steel tube thickness is small, the experimental load-
carrying capacity of the specimens will be smaller than the
nominal squash load (summing up the load by concrete and
steel), indicating no composite action – see specimens S-50.2 and
S-60.1 in Saisho et al. (1999) and CC4-C-8 and CC4-D-8 in
Sakino et al. (2004). The confining pressure transferred by the
steel tube will only start to increase when the concrete micro-
cracking has formed. At this stage, the Poisson ratio of concrete
reaches a larger value and large dilation of concrete core
successfully activates the confining stress provided by the hollow
steel tube (Ferretti, 2004; Lu and Hsu, 2007).
To improve the confining effectiveness of the steel tube, it is
proposed in this study to use external rings (Lai and Ho, 2012) and
ties (Ho and Lai, 2013) to restrict the dilation of the steel tube
under compression. The steel rings were welded around the outer
perimeter of the CFST columns, while the ties were installed in the
plane of the column cross-section tightened by nuts against the
external face of the steel tube without initial pre-stressing. As these
forms of external confinement are not subjected to axial compres-
sion, even the CFST columns are, they act as passive confinement
to restrain the lateral dilations of steel tube and concrete core.
In order to verify the effectiveness of the proposed external
confinement in restricting the lateral dilation of CFST columns, the
authors carried out a series of uniaxial compression test for CFST
columns confined by external steel rings and ties. The effectiveness
of the proposed confinement was studied by the obtained load–
displacement curves, Poisson ratios, axial load capacity and
stiffness for these columns. Two parameters were adopted in this
study: that is, the strength and stiffness enhancement ratios, which
are defined as the ratios of the strength and stiffness of the confined
columns to the respectively unconfined specimens. Apart from
experimental test results, theoretical models that predict the load-
carrying capacity of ring-confined CFST columns were developed.
2. Test programme
2.1 Details of specimens
In this study, a total of 12 specimens, including 11 high-strength
CFST (HSCFST) columns and one hollow steel tube specimen
were fabricated and tested in a uniaxial compression machine of
521
Structures and Buildings
Volume 167 Issue SB9
Uniaxial behaviour of confined high-
strength concrete-filled-steel-tube
columns
Ho, Lai and Luo
Downloaded by [ University of Queensland - Central Library] on [23/12/15]. Copyright © ICE Publishing, all rights reserved.
capacity 5000 kN. The HSCFST column specimens are divided
into three groups as listed in Table 1
j five HSCFST columns with external rings at different spacing
(5t, 10t, 12.5t, 15t and 20t, where t is the thickness of the
steel tube)
j five HSCFST columns with external steel ties provided at the
above spacing
j one HSCFST column without external confinement.
The concrete cylinder strength adopted in this study was about
80 MPa on the testing day. The grade of steel was S355 produced
as per BS EN 10210-2 (BSI, 2006). The thickness of the steel
tube t was 8 mm. The diameter of the HSCFST columns meas-
ured to the outer face of the steel tube was 168 mm and the
height was 330 mm. Figures 1(a) and 1(b) show the ring- and tie-
confined HSCFST column specimens respectively. Figure 1(c)
shows the unconfined HSCFST column specimen. Figure 1(d)
shows the hollow steel tube (H-8).
All the external confinement was provided at spacing of 5t, 10t,
12.5t, 15t and 20t, which were 40, 80, 100, 120 and 160 mm
respectively. For the external steel rings, the diameters of all rings
adopted were 8 mm and the yield strength is 250 MPa. The steel
rings were welded to the steel tube at eight locations in each level
of confinement, which were separated from each other by an angle
of 458 at the centre of the cross-section. At the end of the steel rings
there was an overlapping length of 10 times the steel diameter,
which was 80 mm, to ensure that the yield strength of the steel
rings could be fully developed. Figure 2 shows the details of the
steel rings and the respective HSCFST specimens. For the steel ties,
the diameter and yield strength were the same as those of the rings,
but were threaded. Also, nuts were installed at both ends to tighten
them against the external face of the steel tube without initial
prestressing. At each level, a pair of steel ties was installed
perpendicular to each other with a level difference of one tie
diameter. The pair of ties was then rotated by 458 at the next level
and the arrangement continued for subsequent layers. The details
of the steel tie arrangement are shown in Figure 3. All the tests
were carried out using a uniaxial compression testing machine with
a safe working capacity of 5000 kN as shown in Figure 4.
A naming system was established for the HSCFST column speci-
mens, which consisted of three numbers and a suffix. For example,
80-8-5R represents an HSCFST column specimen with concrete
cylinder strength of about 80 MPa (indicated by the first number),
thickness of steel tube t equal to 8 mm (indicated by the second
number) and spacing of external confinement equal to 5t (indicated
by the last number). The suffix R stands for rings where T stands
for ties. The HSCFST column without external confinement is
represented by 80-8-00X, where X stands for no confinement.
3. Instrumentation and testing procedure
The following types of instrumentation were used in the test.
(a) Strain gauges. Two directional strain gauges were installed on
the steel tube of the HSCFST columns to measure the
longitudinal and transverse strains. Three strain gauges of this
type were installed in every specimen separated by an angle
of 1208 at the centre of the cross-section. The arrangement is
shown in Figure 5.
(b) Linear variable differential transducer (LVDT). Three LVDTs
were used in the test to measure the axial deformation of the
specimens under uniaxial compressive load. The actual axial
shortening of the test specimens can be obtained by averaging
the readings measured by these LVDTs, and further
Specimens sy: MPa f 9c: MPa Thickness of
steel tube, t:
mm
Spacing of
rings, S: mm
Nexp: kN Strain at
Nexp
øS Stiffness:
GPa
øE
80-8-5R 365 75.2 8 40 3523 0.0101 1.14 66.5 1.01
80-8-10R 365 75.2 8 80 3317 0.0089 1.07 81.6 1.24
80-8-12.5R 365 85.4 8 100 3600 0.0085 1.16 71.7 1.09
80-8-15R 365 75.2 8 120 3218 0.0101 1.04 77.2 1.17
80-8-20R 365 75.2 8 160 3171 0.0057 1.02 71.1 1.08
Average 1.09 1.12
80-8-5T 365 75.2 8 40 3282 0.0107 1.06 57.9 0.88
80-8-10T 365 75.2 8 80 3222 0.0089 1.04 63.4 0.96
80-8-12.5T 365 75.2 8 100 3300 0.0095 1.06 66.6 1.01
80-8-15T 365 75.2 8 120 3169 0.0083 1.02 62.6 0.95
80-8-20T 365 75.2 8 160 3113 0.0092 1.00 64.3 0.98
Average 1.04 0.96
80-8-00X 365 75.2 8 — 3101 0.0067 1.00 65.8 1.00
Table 1. Cross-section properties and details of external
confinement
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considering the effects of axial shortening of the capping
material (Lai and Ho, 2012). The arrangement of the LVDTs
is also in Figure 5.
(c) Circumferential extensometers. A circumferential
extensometer of maximum measuring range 6 mm was
installed around the centre of each of the specimens to
measure the dilation of the column. In the CFST column
specimens, the extensometer was removed when the
measured lateral dilation of specimens was about to reach the
maximum measuring range of 6 mm. For the plain concrete
cylinder, the extensometer was removed when the
longitudinal strain had reached slightly more than 0.002. The
arrangement of the extensometer is shown in Figures 5(a)
and 5(c).
All the loading tests were displacement-controlled. For HSCFST
column specimens, the loading rate was 0.3 mm/min. This rate
was be increased incrementally by 0.2 mm/min for every 10 mm
increase in axial deformation after the specimens had yielded.
For a plain concrete cylinder, the loading rate was kept constant
at 0.3 mm/min. The loading test was stopped either when the
applied load had dropped to less than 70% of the maximum
measured load in the post-peak range, or when the axial
displacement of about 80 mm (corresponding to 0.25 axial strain)
had been reached.
4. Experimental results
4.1 Axial load against axial shortening curves
In Figure 6, the measured axial load is plotted against the axial
shortening for the tested HSCFST columns with spacing of
external confinement equal to 10t, HSCFST column without
external confinement and hollow steel tube. The y-axis represents
the total axial load applied to the specimens measured by the
loading machine, whereas the x-axis represents the axial short-
ening of the specimens under axial load. The total load applied is
directly obtained from the load cell of the machine, whereas the
axial shortening of the HSCFST specimens is obtained by the
adjusted LVDTs reading (Lai and Ho, 2012).
Among the HSCFST columns, specimens installed with external
confinement, either rings or ties, had greater strength and
stiffness. This can be seen from the axial load–shortening curves
of 80-8-10R, 80-8-10T and 80-8-00X as shown in Figure 6. This
is because the external confinement could effectively restrict the
lateral dilation of the steel tube under compression. Consequently,
larger confining pressure was provided to confine the steel tube
and the concrete core, which enhanced the strength, stiffness and
deformability. For the HSCFST column without external confine-
ment, the steel tube dilated more than concrete at the early elastic
stage under the same axial load because of the larger Poisson
ratio of steel. This adversely affected the steel–concrete interface
bonding and decreased the confining pressure provided to the
concrete core.
However, the HSCFST columns confined by rings had larger
strength, stiffness and deformability than those confined by ties,
when provided at the same spacing. This is because the rings
provided a more uniform confining pressure to both the steel tube
and the concrete core around the circumference of the circular
steel tube, despite some variations between the rings in the
longitudinal direction. The steel ties, however, only provided the
largest confining pressure at the locations where the ties were
bolted against the steel tube (tie caps). Between these locations in
both the horizontal and vertical planes, the confining pressure
decreased. Furthermore, the openings (holes) for the installation
(a)
(b)
(c) (d)
Figure 1. Photographs of the HSCFST specimens: (a) HSCFST
columns with steel rings (s ¼ 5t, 10t, 12.5t, 15t and 20t );
(b) HSCFST columns with steel ties (s ¼ 5t, 10t, 12.5t, 15t and
20t ); (c) HSCFST column without external confinement;
(d) hollow steel tube
523
Structures and Buildings
Volume 167 Issue SB9
Uniaxial behaviour of confined high-
strength concrete-filled-steel-tube
columns
Ho, Lai and Luo
Downloaded by [ University of Queensland - Central Library] on [23/12/15]. Copyright © ICE Publishing, all rights reserved.
88
8
EQ
s
330
A
B
A
B
AEQ
8 8
168 (OD)
80 mm
R8 mild
steel
Overlapping detail of A (1:2)
80 mm
Overlapping detail of B (1:2)
S mm No. of rings
5t
10t
12·5t
15t
20t
40
80
120
160
200
8
4
3
3
3
Overlapping ring 80 mm
Figure 2. Details of arrangement of steel rings
8
A
B
EQ
s
330
EQ
8
168·3 (OD)
S mm No. of ties
5t
10t
12·5t
15t
20t
40
80
120
160
200
16
8
6
6
6
A
B
Section A–A Section B–B
Figure 3. Details of arrangement of steel ties
524
Structures and Buildings
Volume 167 Issue SB9
Uniaxial behaviour of confined high-
strength concrete-filled-steel-tube
columns
Ho, Lai and Luo
Downloaded by [ University of Queensland - Central Library] on [23/12/15]. Copyright © ICE Publishing, all rights reserved.
of steel ties reduced the moment of inertia of the columns which
formed the weak points. At large longitudinal axial strains,
longitudinal cracks were found to have initiated at these locations,
particularly near the mid-height of the specimens and halfway
between the confinements (i.e. furthest away from the points of
effective lateral restraint), because of very large horizontal
splitting stress concentrated at these openings.
For HSCFST columns confined by rings, the axial strength
increased as the spacing of the rings decreased. More importantly,
the axial strength and stiffness were found to be larger than those
of unconfined HSCFST columns (80-8-00X). This is observed
from the axial load-shortening curves plotted in Figure 7(a) for
all ring-confined and unconfined HSCFST columns. When the
ring spacing decreased, a more uniform confining pressure was
provided to the HSCFST specimens in the longitudinal direction,
and hence improved the strength and stiffness of the HSCFST
columns. However, for columns confined by ties, it can be seen
from Figure 7(b) that the initial stiffness was not enhanced.
Nevertheless, it was observed that the axial strength of tie-
confined columns was larger than that of the unconfined HSCFST
columns (see also Table 1).
4.2 Lateral strain against longitudinal strain curves
Owing to the different Poisson ratios of steel (,0.3) and concrete
(,0.2), the steel tube is not fully effective in confining the concrete
core during initial elastic stage under compression or bending. To
resolve the problem, it is proposed herein to use external confine-
ment to restrict the lateral dilation of the steel tube so as to restore
perfect interface bonding and improve the confining pressure
provided to the concrete. At the same time, the external confinement
also provides some confining pressure to the steel tube to improve
its axial strength and hence the axial capacity of the CFST columns.
Figure 4. Uniaxial compression machine
120°
Location of strain gauges
Location of LVDTs
LVDT1 LVDT2
Extensometer
Strain gauge
(a) (b) (c)
Figure 5. (a) Test set-up; (b) plan view; (c) side view
0·120·100·080·060·040·02
35302520151050
0
500
1000
1500
2000
2500
3000
3500
4000
4500
0
Displacement: mm
Lo
ad
: k
N
Strain: ε
80-8 10R- 80 8 10T- -
80 8 00X- - H 8-
Figure 6. Load–strain (displacement) curves for unconfined and
confined HSCFST columns
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The effectiveness of the external confinement can be studied by
plotting the lateral expansion (dilation) measured at the mid-height
of the steel tube using the extensometer against the axial shortening
of the CFST specimens during the initial elastic stage.
The curves of lateral strain against axial strain for the CFST
columns with external confinements are plotted in Figures 8(a)
and 8(b) for ring- and tie-confined specimens respectively. The
lateral strain is equal to the circumferential strain. The axial
strain is obtained by dividing the adjusted LVDT readings by the
overall height of the specimen. The Poisson ratios of the speci-
mens are calculated from the initial slope of the graph and are
summarised in Table 2. From the table, it can be seen that the
Poisson ratios of all externally confined HSCFST specimens are
smaller than 0.3, which is the average Poisson ratio of steel (see
Poisson ratio of 80-8-00X and H-8). It should also be noted that
the extensometers were placed between the rings. In the ring
level/tie cap, it could be expected that an intact steel–concrete
interface bonding could be maintained. This is because under
uniaxial load, the steel tube would bend slightly outwards be-
tween the rings in a longitudinal direction, whereas the tie caps
would bend in both longitudinal and transverse directions. Hence
the concrete between the rings in the vertical plane and the tie
caps in both the vertical and horizontal plane were not completely
confined.
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Figure 7. Axial load–shortening curves of HSCFST columns with
external confinement: (a) ring-confined CFST columns;
(b) tie-confined CFST columns
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Figure 8. Measured lateral expansion and lateral strain of HSCFST
columns: (a) lateral expansion of ring-confined HSCFST specimens;
(b) lateral expansion of tie-confined HSCFST specimens
Specimens Poisson ratio
80-8-5R 0.285
80-8-10R 0.159
80-8-12.5R 0.189
80-8-15R 0.293
80-8-20R 0.277
80-8-5T —
80-8-10T 0.200
80-8-12.5T 0.133
80-8-15T 0.248
80-8-20T 0.259
80-8-00X 0.328
H-8 0.290
Table 2. Poisson ratio of tested HSCFST specimens
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4.3 Failure modes
Figures 9(a), 9(b) and 9(c) show the photographs of the failure
modes of HSCFST columns without external confinement, with
rings and ties respectively. From the figures, it could be
observed that the failure mode of HSCFST columns without
external confinement was attributable to the local buckling of
the steel tube between the top and bottom of the specimen at
large axial strain, indicating ‘End effect’, which was attributable
to the friction between the loading platens and the specimen.
As the affected area was small, the effective length (i.e. the
length between lateral restraints) was basically the same as the
overall height of the specimens. Hence, buckling occurred more
easily when compared with other externally confined HSCFST
columns. For the ring-confined HSCFST columns, as the rings
were able to restrict the lateral expansion of columns under
compression, the rings provided effective lateral restraints
against buckling at each level of the confinement. The effective
length of the rings-confined HSCFST columns was then reduced
to within the ring spacing.
On the other hand, the failure mode of tie-confined HSCFST
columns was slightly different. First, because the confining
pressure provided by the ties was not uniform in both the
horizontal and vertical planes, the ties were not able to provide
effective lateral restraint against buckling, even at the levels in
which the ties were installed under large axial strain. The
effective length of the HSCFST columns became larger and
buckling occurred more easily when compared with the ring-
confined specimens. Second, the openings for tie installation
reduced the second moment of area of the cross-section and thus
decreased the critical buckling load of the HSCFST columns.
4.4 Improvement on axial strength and stiffness owing
to external confinement
Table 1 summarises the axial strength of the HSCFST columns
with and without external confinement. The axial strength is
defined as the first peak strength of HSCFST columns. Among
the externally confined HSCFST columns, it can be seen from the
table that the axial strength of HSCFST columns confined by
rings and ties is larger than that without external confinement.
Moreover, it is observed that the strength enhancement ratios of
ring-confined HSCFST columns are generally larger than the
counterpart tie-confined HSCFST specimens. This is because the
confining pressure provided by ties was smaller than that provided
by rings. For almost all externally confined HSCFST columns, it
is generally observed that the strength enhancement increases as
the spacing of confinement decreases.
The effect of external confinement on axial strength improvement
is represented in this study by the axial strength enhancement
ratio øS defined in Equation 1
øS ¼ Pc
P1:
(a)
(b)
(c)
Figure 9. Failure modes of HSCFST columns: (a) HSCFST column
without external confinement (80-8-00X); (b) ring-confined
HSCFST columns (s ¼ 5t, 10t, 12.5t, 15t, 20t ); (c) tie-confined
HSCFST columns (s ¼ 5t, 10t, 12.5t and 20t )
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where Pc and P are the experimentally measured axial strengths
(in kN) of CFST columns with and without external confinement
respectively. The values of øS are listed in Table 1 for all
HSCFST columns. From the table, it is evident that the average
axial strength enhancement ratios are about 1.09 and 1.04 for
HSCFST columns confined by rings and ties respectively. The
maximum value of øS is 1.16 for ring-confined HSCFST
columns and 1.06 for tie-confined HSCFST columns. The larger
strength enhancement in ring-confined HSCFST columns is
attributable to the larger and more uniform confining pressure
provided by the rings than ties. From the results, it can be seen
that both rings and ties are effective in improving the axial
strength of HSCFST columns. In particular, it is evident that
rings are more effective than ties for axial strength enhancement.
The effect of external confinement on stiffness improvement is
represented by the stiffness enhancement ratio øE defined in
Equation 2
øE ¼ Ec
E2:
where Ec and E are the experimentally measured stiffness (in
GPa) of HSCFST columns with and without external confinement
respectively and calculated as by Han (2007) and Yu et al.
(2007), which is the slope of the linear portion of the load–strain
curve, and further divided by the total cross-sectional area of the
CFST columns The values of øE are also listed in Table 1 for all
columns. From the table, it is evident that the initial stiffness of
HSCFST columns confined by rings is larger than that without
external confinement. However, for HSCFST columns confined
by ties, there is no stiffness improvement. This is because the
installation of tie bars broke the original profile of the steel tube
and hence reduced the second moment of the area of the entire
cross-section. The average stiffness enhancement ratios are about
1.12 and 0.96 for ring- and tie-confined HSCFST columns
respectively. The maximum value of øE is 1.24 for ring-confined
columns and 1.01 for tie-confined columns. From the results, it
can be seen that rings are effective in improving the stiffness of
CFST columns, whereas ties are not. It should be noted that
although rings and ties can improve the strength and interface
bonding and decrease the strength degradation rate (increase the
ductility), they will affect the appearances of CFST columns.
Considering this reason, in the practical construction for CFST
columns, the external steel tube and the external confinement will
not be exposed: that is, fire resistance material and sometimes
concrete cover will be added.
5. Theoretical model for ring-confined CFST
columns
From the above, it is clear that the addition of external steel rings
can effectively increase the axial capacity and initial elastic
stiffness of CFST columns. Previously, a theoretical model for
axial capacity evaluation has been established for unconfined
CFST columns. That model when applied to evaluate the axial
capacity of ring-confined CFST columns, will underestimate the
confining pressure and hence the axial capacity. As the addition
of rings is more effective than ties in enhancing the strength and
stiffness of the CFST columns, only theoretical models for rings
will be discussed. For the purpose of calculating more accurately
the axial capacity of a ring-confined CFST column, theoretical
models taking into account the confinement effect of both steel
tubes and external rings are developed by the force equilibrium
method.
5.1 Theoretical models
As reported by the authors’ previous research (Lai and Ho,
2012), the confinement index  is one of the most important
factors that affect the behaviour of CFST columns, which denotes
the ratio of the steel-to-concrete load-carrying capacity. In this
paper,  is defined with the introduction of ring confinements
 ¼ Ast sy
Ac f 9c3:
Ast ¼ As þ 
4
d2D
S
f yr
 sy4:
where Ast, As and Ac are the cross-sectional area of steel (steel
tube and steel rings), steel tube and core concrete, respectively;
sy, fyr and f 9c are the steel tube yield strength, steel ring yield
strength and concrete cylinder strength, respectively; d and D
are diameter of steel rings and steel tubes, respectively; S is
the spacing between rings. All the values of  are recorded in
Table 3.
It was proposed to relate sŁ/sy (where sŁ is the hoop stress in
the steel tube under biaxial state; sy is the uniaxial yield strength
of the steel tube) and  for predicting the axial load-carrying
capacity, by the following equations (Lai and Ho, 2012)
 sŁ
 sy
¼
0 0 <  , 1=75
0:15 0:002 1=75 <  , 6:68
1  > 6:68
8>><
>>:
5:
 sz ¼ 1
2
 sŁ þ (4 2sy  3 2sŁ)1=2
h i
6:
where sz is the axial stress in the steel tube. Based on the free-
body diagram in Figure 10, we have
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f r ¼
2 sŁtH þ 2 f yr

4
d2n
(D 2t)H ¼
As
2Ac
 sŁ þ d
2
2(D 2t)S f yr7:
where H is the height of CFST columns; fcc is the confined
concrete stress.
For the in-filled HSC, the equation given by Cusson and Paultre
(1994) is adopted here
f cc ¼ f 9c þ kf r ¼ f 9c þ 4:1 f r8:
Thus, the predicted load-carrying capacity could be evaluated by
summing up the individual components of steel and concrete
N cal1 ¼  szAst þ f ccAc9:
where Ncal1 is the predicted ultimate load using this model.
To extend the applicability of Equations 5 to 9 to HSCFST
columns, it was suggested that equivalent steel and concrete areas
should be adopted
A9st ¼ Ast  sy
355
 
10a:
A9s ¼ As  sy
355
 
10b:
A9c ¼ Ac f 9c
30
 
10c:
S0 ¼ SD
0
D10d:
D0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

(A9s þ A0c)
r
10e:
D9c ¼
ffiffiffiffiffiffiffiffiffi
4

A9c
r
10f:
where A9st is the equivalent area of the steel tube and steel rings
(of the converted NSCFST columns); A9s is the equivalent area of
the steel tube; A9c is the equivalent area of concrete; S9 is the
equivalent spacing of the steel rings; D9 is the diameter of the
equivalent cross-section area including in-filled concrete and steel
tube. The corresponding axial load-carrying capacity of the
HSCFST columns can be evaluated by replacing Ast by A9st, As by
A9s, Ac by A9c, S by S9, D by D9 and (D-2t ) by D9c in Equations 5
to 9.
The validity of this model was demonstrated, and good agreement
was obtained. However, in engineering practice, this model was
Specimens  Nexp: kN Ncal1: kN Nexp/Ncal1 Ncals: kN Nexp/Ncals
80-8-5R 1.19 3523 3759 0.94 3564 0.99
80-8-10R 1.13 3317 3500 0.95 3439 0.96
80-8-12.5R 0.99 3600 3592 1.00 3670 0.98
80-8-15R 1.11 3218 3414 0.94 3399 0.95
80-8-20R 1.10 3171 3370 0.94 3378 0.94
80-8-00X 1.07 3101 3240 0.96 3318 0.93
Maximum value 1.00 — 0.99
Minimum value 0.94 0.93
Average value 0.95 0.96
Standard deviation 0.0243 0.0225
Table 3. Test results and predicted results of HSCFST columns (authors’ results)
D
D t2
t
fs fs
σsθ fr σsθ
Steel rings
d
Steel tube
In-filled
concrete
Figure 10. Free-body diagram for CFST columns with ring
confinement
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too complicated to adopt. Thus, a simplified model is developed.
As the confinement index  is one of the most important factors,
it is proposed to relate the axial load-carrying capacity Nexp with
, by using test results from Kato (1995), O’Shea and Bridge
(2000), Giakoumelis and Lam (2004) and Han et al. (2005) as
well as the results obtained in this study. The following formula
is developed (see also Figure 11)
N cals ¼ Ac f 9c 1þ  0:38þ 1
:22
()1=2
 0
:25

þ d
2
8tS
f yr
 sy
" #( )
11:
where Ncals is the predicted ultimate load using the simplified
model.
5.2 Comparison with the present authors’ and other
researchers’ test results
The validity of the simplified model is verified by comparing it
with the experimental results obtained in this study and by other
researchers (Giakoumelis and Lam, 2004; Han et al., 2005;
Johansson, 2000, 2002; Kato, 1995; O’Shea and Bridge, 2000;
Saisho et al., 1999; Sakino et al., 2004; Yu et al., 2007). If
necessary the conversion relationship stipulated in EN 1992-1-1
(BSI, 2004) between concrete cube strength and cylinder strength
is adopted
f 9c ¼ 0:8513 f cu  1:599812:
where fcu is unconfined concrete cube strength.
The conversion relationship between 1503 300 cylinder strength
( f 9c,150) and 100 3 200 cylinder strength( f 9c,100) suggested by
Rashid et al. (2002) is adopted in the comparison if it is needed
f 9c,150 ¼ 0:96 f 9c,10013:
The comparisons of the above two models are shown in Table 3
for test results in this study and the verifications of the simplified
model for results by other researchers are shown in Table 4. It
can be seen from the tables that these two models could predict
well for HSCFST columns with or without external confinements.
Moreover, for results obtained by this study, these two models
make similar predictions. For results by other researchers, the
simplified model seems to predict accurately with average value
0.97 and standard deviation 0.0663. Thus, the validity of the
simplified model is verified.
6. Conclusion
External steel confinement is advocated in this study to restrict
the dilation of steel tube in order to improve the interface
bonding of HSCFST columns during axial compression. Two
different forms of external confinement were proposed: that is,
external steel rings welded to the outer face of the steel tube and
steel ties bolted against the external face of the steel tube. The
spacing of the external confinement tested was 5t, 10t, 12.5t, 15t
and 20t, where t is the thickness of steel tube equal to 8 mm.
The effectiveness of the different types of external confinement
was studied by carrying out a series of uniaxial compression tests
on HSCFST columns. A total of 11 specimens, which included
five ring-confined columns, five tie-confined columns and a
column without external confinement, were tested under uniaxial
compression. It should be noted that this experimental pro-
gramme was conducted based on a steel tube with a relatively
small diameter (,168 mm). When scaling up the specimens to
the actual structural sizes, the conclusions may or may not be
valid and further research is needed to investigate the behaviour
of CFST columns with actual dimensions used in practical
engineering design. The observations obtained from the test
results are outlined below.
(a) The external confinement was effective in restricting the
lateral dilation of the columns. The average Poisson ratios
obtained for the columns were all smaller than 0.3.
(b) The failure mode of ring-confined HSCFST columns was the
local buckling of steel tube between rings, whereas that of
tie-confined CFST columns was local buckling of the steel
tube, which was initiated at the ties opening near the mid-
height of the specimen.
(c) Both ring and tie confinement effectively improved the axial
strength of HSCFST columns by an average value of 9% and
4% respectively.
(d) The ring confinement effectively improved the initial elastic
stiffness of HSCFST columns by an average value of 12%,
whereas the tie confinement did not improve the stiffness.
Two models for predicting the uniaxial load-carrying capacity of
ring-confined CFST columns were developed. By comparing the
results within this study and those of other researchers, the
validity of these two models was verified.
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Figure 11. Accuracy of proposed equation
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Specimen No. Specimens  Nexp: kN Ncals: kN Nexp/Ncals References
1 CA1-1 0.55 312 328 0.95 Han et al. (2005)
2 CA1-2 0.55 320 328 0.98
3 CA2-1 0.31 822 802 1.02
4 CA2-2 0.31 845 802 1.05
5 CA3-1 0.21 1701 1647 1.03
6 CA3-2 0.21 1670 1647 1.01
7 CA4-1 0.15 2783 2758 1.01
8 CA4-2 0.15 2824 2758 1.02
9 CA5-1 0.12 3950 4128 0.96
10 CA5-2 0.12 4102 4128 0.99
11 CB1-1 0.84 427 383 1.12
12 CB1-2 0.84 415 383 1.08
13 CB2-1 0.48 930 916 1.02
14 CB2-2 0.48 920 916 1.00
15 CB3-1 0.32 1870 1848 1.01
16 CB3-2 0.32 1743 1848 0.94
17 CB4-1 0.23 3020 3061 0.99
18 CB4-2 0.23 3011 3061 0.98
19 CB5-1 0.19 4442 4545 0.98
20 CB5-2 0.19 4550 4545 1.00
21 CC1-1 0.80 432 396 1.09
22 CC1-2 0.80 437 396 1.10
23 CC2-1 0.30 1980 1923 1.03
24 CC2-2 0.30 1910 1923 0.99
25 CC3-1 0.18 4720 4741 1.00
26 CC3-2 0.18 4800 4741 1.01
27 S30CS80A 0.33 2295 2513 0.91 O’Shea and Bridge (2000)
28 S20CS80B 0.14 2592 2579 1.01
29 S16CS80A 0.13 2602 2706 0.96
30 S12CS80A 0.06 2295 2354 0.98
31 S10CS80B 0.05 2451 2178 1.13
32 S30CS10A 0.24 2673 3108 0.86
33 S20CS10A 0.10 3360 3449 0.97
34 S16CS10A 0.09 3260 3431 0.95
35 S12CS10A 0.04 3058 3034 1.01
36 S10CS10A 0.04 3070 2990 1.03
37 C06HB 0.41 7938 8650 0.92 Kato (1995)
38 C08HB 0.54 8388 9215 0.91
39 C12HB 0.80 9388 9941 0.94
40 C4 0.71 1308 1370 0.95 Giakoumelis and Lam (2004)
41 C8 0.85 1787 1604 1.11
42 C14 0.65 1359 1402 0.97
43 S-30.2 0.43 1195 1387 0.86 Saisho et al. (1999)
44 S-50.1 0.26 2067 2330 0.89
45 S-50.2 0.26 1960 2330 0.84
46 H-30.1 0.81 921 928 0.99
47 H-30.2 0.81 921 928 0.99
48 H-30.3 0.80 901 926 0.97
Table 4. Test results and predicted results of HSCFST columns
(simplified models using other researchers’ results) (continued on
next page)
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